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Cellular/Molecular

Bmall Is an Essential Regulator for Circadian Cytosolic Ca®"
Rhythms in Suprachiasmatic Nucleus Neurons

Masayuki Ikeda'> and Masaaki Ikeda?
Graduate Schools of 'Science and Engineering, and ?Innovative Life Science, University of Toyama, Toyama 930-8555, Japan, and *Department of
Physiology, Saitama Medical University, Moroyama, Iruma-gun, Saitama 350-0495, Japan

The hypothalamic suprachiasmatic nucleus (SCN) plays a pivotal role in the mammalian circadian clock system. Bmall is a clock gene
that drives transcriptional-translational feedback loops (TTFLs) for itself and other genes, and is expressed in nearly all SCN neurons.
Despite strong evidence that Bmall-null mutant mice display arrhythmic behavior under constant darkness, the function of Bmall in
neuronal activity is unknown. Recently, periodic changes in the levels of intracellular signaling messengers, such as cytosolic Ca** and
cAMP, were suggested to regulate TTFLs. However, the opposite aspect of how clock gene TTFLs regulate cytosolic signaling remains
unclear. To investigate intracellular Ca>* dynamics under Bmall perturbations, we cotransfected some SCN neurons with yellow cam-
eleon together with wild-type or dominant-negative Bmall using a gene-gun applied for mouse organotypic cultures. Immunofluores-
cence staining for a tag protein linked to BMAL1 showed nuclear expression of wild-type BMALI and its degradation within 1 week after
transfection in SCN neurons. However, dominant-negative BMAL1 did not translocate into the nucleus and the cytosolic signals persisted
beyond 1 week. Consistently, circadian Ca®" rhythms in SCN neurons were inhibited for longer periods by dominant-negative Bmall
overexpression. Furthermore, SCN neurons transfected with a Bmall shRNA lengthened, whereas those overexpressing wild-type Bmall
shortened, the periods of Ca>* rhythms, with a significant reduction in their amplitude. BMALI expression was intact in the majority of
neighboring neurons in organotypic cultures. Therefore, we conclude that proper intrinsic Bmall expression, but not passive signaling

via cell-to-cell interactions, is the determinant of circadian Ca2™ rhythms in SCN neurons.
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Introduction

The suprachiasmatic nucleus (SCN) is a central pacemaker in the
mammalian circadian clock system (Moore and Eichler, 1972;
Stephan and Zucker, 1972). The common molecular elements of
circadian rhythms are hypothesized to be transcriptional-
translational feedback loops (TTFLs) in clock genes (Reppert and
Weaver, 2002). In mice, the BMAL1:CLOCK heterodimer drives
the transcription of the mammalian Period (Per) and Crypto-
chrome (Cry) gene families. PER2 upregulates Binall expression,
whereas CRY1/2 blocks the transcriptional activity of Clock and
Bmall (Honmaetal., 1998; Reppert and Weaver, 2002; Sato et al.,
2006). Bmall is an exclusive gene, and its single deletion
(Bmall~"") produces arrhythmic behavior under constant dark-
ness (Bunger et al., 2000). Furthermore, brain-specific rescue of
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Bmall in Bmall '~ mice restores behavioral rhythms (McDear-
mon etal., 2006). Therefore, Bmall is believed to play an essential
role in TTFLs and rhythm generation in the SCN pacemaker.

The physiological activity rhythms in SCN neurons are pri-
marily controlled by intracellular machinery, as shown by the
presence of circadian action potential firing rhythms in individ-
ual SCN neurons in dispersed cell cultures (Welsh et al., 1995).
Despite evidence that Bmall functions as an essential clock gene,
the aspect of how Bmall regulates the activity of SCN neurons is
currently unclear. Intriguingly, Per2 promoter-driven luciferase
rhythms are sustained in the SCN of Bmall ’~ mice (Ko et al.,
2010). Because these rhythms are weakened in low-density dis-
persed cell cultures, the residual rhythms could be nonintrinsic
noise-driven oscillations generated via cell-to-cell interactions.
In addition, it has been reported that specific G,-coupled recep-
tor signaling pathways could act as couplers or amplifiers for the
majority of SCN rhythms (Maywood et al., 2006; Brancaccio et
al., 2013). However, the origin of G,-mediated oscillations and
their relationships with specific intracellular machinery are cur-
rently unknown.

We have developed a method to visualize the physiological
activities of mouse SCN neurons using the yellow cameleon Ca**
sensor (Ikeda et al., 2003a). This method enables monitoring of
circadian Ca** rhythms (CCR) in SCN neurons. CCR are driven
by release of Ca** from ryanodine-sensitive internal Ca** stores,
and are resistant to the Na * channel blocker tetrodotoxin (TTX;
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Ikeda et al., 2003a). Brancaccio et al. (2013) recently used a
GCaMP3 Ca*>" sensor together with a luciferase reporter for the
Ca’*/cAMP-responsive element and Perl/2 gene transcription,
and detected the most phase-advanced rhythms occurring in
CCR. Therefore, determination of the molecular generator(s) of
CCR is an important issue. Bmall /" mice show reduced expres-
sion of ryanodine receptors and caffeine-induced Ca*" mobili-
zation in SCN neurons (Pfeffer et al., 2009). Therefore, it is
reasonable to hypothesize that Bmall is a regulator of CCR.

To directly address the involvement of Binall in CCR, we used
a particle bombardment (i.e., gene-gun) technique for organo-
typic SCN cultures and examined the effects of Bmall RNAi and
wild-type or dominant-negative (DN) Bmall expression. This
technique allows monitoring of the effects of Bmall knockdown
or overexpression in randomly selected SCN neurons within in-
tact SCN circuits. Here, we show that Bmall is an essential intra-
cellular regulator for the generation of CCR in SCN neurons.

Materials and Methods

Plasmid constructs. The expression vectors encoding human Bmall (hB-
mall), human Clock (hClock), and mouse Bmall (mBmall) were de-
scribed previously (Yu et al., 2002). Deletion mutants were generated
based on mBmall cDNA sequences using the PCR primers listed in Fig-
ure 2a. The resultant PCR products were cloned into the pCR3.1 vector
(Invitrogen). The mutant Bmall sequences were finally verified using a
DNA Sequencer. The firefly reporter plasmid (E54-TK) was kindly pro-
vided by Dr M. Noshiro (Hiroshima University, Higashi-Hiroshima Ja-
pan). To investigate the intracellular distribution of BMALI, wild-type,
and mutant mBmall were individually inserted into the pcDNA3.1/His A
vector (Invitrogen), with an Xpress-tag epitope bound to the N-terminus
of mBmall.

The psiRNA-hH1 neo shRNA expression vector was purchased from
InvivoGen. An independent 21-bp sequence (5'-AAGGATCAAGAAT-
GCAAGGGA-3') within the coding region of the mBmall gene was se-
lected as the insert for siRNA expression using siDirect (http://sidirect2.
rnai.jp/), cloned into the psiRNA-hHlneo GI1 vector, and designated
psiRNA-mBmall-204. The psiRNA hH-neo Gl-scr vector supplied by
the manufacturer was used as a negative control for mBmall silencing.

Monoclonal antibody production. In collaboration with Dr K. Yo-
shimura (Nihon Institute of Medical Science, Moroyama, Saitama,
Japan), a monoclonal antibody against BMAL1 was generated by immu-
nization using peptides with common sequences between murine and
human BMALIL. Hybridoma supernatants were screened using an
ELISA-based assay and the resulting positive clone was named 2F11. For
ascites production, clones were intraperitoneally injected (~1 X 107 cells
per injection) into BALB/c mice primed with Pristane (Wako Pure
Chemical Industries) as described previously (Yoshimura et al., 1996).
Typing of the 2F11 monoclonal antibody was performed using a mouse
monoclonal antibody isotyping kit (GE Healthcare).

Transfection of mBmall mutants into NIH 3T3 fibroblasts. NIH 3T3
fibroblasts were maintained in high-glucose DMEM supplemented with
10% FBS and 1% penicillin-streptomycin (Invitrogen). The cell cultures
were maintained in a CO, incubator at 37 = 0.5°C under 5% CO,. For
dual luciferase assays, cells were grown in 24-well plates and transfected
with 0.06 ug of E54-TK luciferase reporter vector and 0.01-0.1 ug of
Binall expression vector using Lipofectamine (Invitrogen) according to
the manufacturer’s instructions. As a control, 6 ng of Renilla luciferase
expression vector was transfected into cells in separate wells. The total
amount of expression plasmids transfected per well was kept constant
(0.16 pg) by adding empty vector. The cells were lysed and monitored for
their luciferase activity using a PicaGene Dual Seapansy Luminescence
Kit (Nippon Gene) at 24 h after transfection. The E54-TK luciferase
activity was normalized by the Renilla luciferase activity in the neighbor-
ing well. For immunofluorescence assays, wild-type Bmall and DN-
Bmall (mBMFIR5) were subcloned into an epitope-tagged vector
(pcDNA3.1/His A; Invitrogen). The resulting vectors were transfected
into cells according to a standard protocol using Lipofectamine 2000
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(Invitrogen) at 1 d after seeding on coverslips. The cell density was ad-
justed to reach 60—70% confluency at the time of transfection, and the
cells were cultured in reduced (5%) FBS-containing medium to maintain
the cell density until fixation.

Western blotting. NIH 3T3 cells in 35 mm dishes were transiently trans-
fected with 0.25 pg of mBmall expression construct (mBmall/pcDNA3)
and 0.25 ug of shRNA control vector (psiRNA-hH1-neoGl-scr) or
shRNA expression construct for mBmall (psiRNA-mBmall-204), using
Lipofectamine 2000 as described above. Nuclear extracts were prepared
using a Nuclear Extract Kit (Active Motif), mixed with three times SDS
sample buffer, heated at 95°C for 3 min, and loaded onto a 10% SDS-
polyacrylamide gel. After electrophoresis, the separated proteins were
transferred to a polyvinylidene fluoride membrane and incubated in 5%
ECL Blocking Reagent (GE Healthcare) at room temperature for 1 h. The
membrane was then incubated at room temperature for 1 h with an
anti-BMALI antibody (2F11) or anti-GAPDH antibody (Sigma-Aldrich)
diluted in 0.5% Western blocking reagent. An HRP-conjugated goat
anti-mouse IgG antibody (Zymed Laboratories) was used as the second-
ary antibody and detected with ECL Prime Reagent (GE Healthcare). The
chemiluminescent signals were quantified using a bioimage analyzer
(LAS 1000 Plus; Fujifilm).

Organotypic SCN culture. The details for the preparation and mainte-
nance of organotypic slice cultures, yellow cameleon (yc) expression vec-
tors, and Ca*" imaging were described previously (Ikeda et al., 2003a).
Briefly, SCN slice cultures were prepared from 3-d-old male C57BL/6]
mice. The animals were deeply anesthetized with pentobarbital, and the
brain was quickly removed and dropped into ice-cold artificial CSF bub-
bled with 95% O, and 5% CO,. Coronal hypothalamic slices containing
the SCN were cut using a vibrating-blade microtome, and placed in 0.40
um filter cups. The filters were placed in standard 6-well plates and
cultured with 1 ml of medium consisting of 50% Eagle’s basal medium,
25% Earle’s balanced salt solution, and 25% heat-inactivated horse se-
rum, supplemented with glucose and glutamax (Invitrogen). The cul-
tures were maintained in a CO, incubator at 36.0 = 0.5°C under 5% CO,.
The University of Toyama Animal Care and Use Committee approved all
procedures involving animals.

Cotransfection of yc and Bmall mutants into cultured SCN neurons.
SCN slice cultures were transfected with YC expression vectors (YC2.1,
YC2.6, YC3.1 or YC3.6) using a Helios Gene Gun System (Bio-Rad Lab-
oratories). A HindIII-EcoRI fragment containing the cDNA encoding
YC was isolated and subcloned into HindIII- and EcoRI-digested pBlue-
scriptll (Stratagene). For neuron-specific expression, the 5'-flanking se-
quence (2.7 kb) with exon-1 and intron-1 of rat neuron-specific enolase
genomic DNA and SV40 polyadenylation signals from pRc¢/RSV (Invit-
rogen) were bound to the HindIII/EcoRI site of pBluescriptII containing
the yc gene. For these YC sensors, we initially compared the signal-to-
noise ratios of CCR for detection with YC2.1 (primary K; = 100 nm) >
YC3.6 (K, = 250 nm) > YC2.6 (K, = 40 nm) > YC3.1 (K, = 1.5 pm).
These reported K values (Miyawaki et al., 1999; Nagai et al., 2004) are
~1.5 times lower in the presence of a competitive cation (1 mm MgCl,)
and were thus lower in cells. Although the absolute amplitude of CCR in
SCN neurons remains controversial (estimated as 120—440 nm by Ikeda
et al., 2003a using YC2.1 and 80-120 nM by Enoki et al., 2012 using
YC3.6), we used YC2.1 for the present study because of its better signal-
to-noise ratio in our assay system. For biolistics, gold particles were
coated with the YC2.1 expression vector together with a vector carrying a
Bmall mutant or a vector carrying the shRNA encoding Bmall. The two
vectors were suspended in Tris-EDTA buffer containing spermidine
(Sigma-Aldrich) and then coated onto gold particles (0.6 wm, 5 mg for 50
bullets) in a droplet of 1 M CaCl, according to the manufacturer’s instruc-
tions. The gene-gun bullet was made using a Tubing Prep Station (Bio-
Rad Laboratories) and blasted onto 7- to 9-d-old cultures with helium
pressure (190-200 psi) using a Helios Gene Gun System (Bio-Rad Lab-
oratories). The efficacy of this double-transfection technique has been
evaluated using cell line models (Ikeda et al., 2013).

Immunohistochemistry. For immunofluorescence staining, SCN slice
cultures were fixed with 4% paraformaldehyde in PBS at pH 7.4 for 15
min, rinsed three times with PBS, and incubated in 10% donkey serum
(Jackson ImmunoResearch Laboratories) in 0.01% Triton X-100
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(Sigma-Aldrich) in PBS overnight at 4°C to block nonspecific antibody
binding. The samples were then incubated with 1:2000 diluted 2F11
antibody in 5% donkey serum and 0.01% Triton X-100 in PBS for 48 h at
4°C. Following four 20 min rinses with PBS, the samples were incubated
overnight with Cy3-conjugated donkey anti-mouse IgG (1:200 dilution;
Jackson ImmunoResearch Laboratories) at 4°C. After another four 20
min rinses with PBS, the slices were embedded in VectaShield mounting
reagent containing DAPI (Vector Laboratories).

To examine the intracellular distribution of exogenous BMAL1, NTH
3T3 cells, and organotypic cultures of SCN were transfected with wild-
type Bmall and DN-Bmall linked at the C-terminus with an Xpress-tag
(Invitrogen), fixed, rinsed, and incubated in blocking solution as de-
scribed above. The samples were then incubated with 1:200 diluted
monoclonal antibody against Xpress (Invitrogen) dissolved in 5% don-
key serum and 0.01% Triton X-100 in PBS for 48 h at 4°C. Following four
20 min rinses with PBS, the samples were incubated overnight with Cy3-
conjugated donkey anti-mouse IgG (1:200 dilution; Jackson ImmunoRe-
search Laboratories) at 4°C. After another four 20 min rinses with PBS,
the slices were embedded in VectaShield mounting reagent containing
DAPI The fluorescence images were acquired using a confocal laser-
scanning unit (LSM510; Carl Zeiss) mounted on an inverted microscope
(Axiovert 200M; Carl Zeiss) with a Plan Apochromat 63X/1.40
oil-immersion objective lens (Carl Zeiss). For quantitative analyses of
anti-Xpress immunostaining in NIH 3T3 cells, the intensities of immu-
nofluorescence in the cytosol and nucleus were compared with the inten-
sity of DAPI nuclear staining.

Calcium imaging. The YC fluorescence levels at 3 d after transfection
were observed using an inverted fluorescence microscope (TE-2000s;
Nikon) with a 10X objective lens (Plan-Fluor 10X, NA0.3; Nikon) and a
GFP filter set. SCN slices that exhibited successful gene transfection were
carefully dissected from the filter cups and transferred to collagen-coated
glass-bottom dishes (Matsunami Glass Industries) with the transfection
surface on the bottom. Half of the culture medium (60-70 wl) was re-
placed every 1-2 d. On day 5 after gene transfection, the slices on the
glass-bottom dishes were transferred to a recording system with an in-
verted fluorescence microscope (Axiovert 405M; Carl Zeiss) equipped
with a custom-built microscope stage, CO, incubator, mercury arc lamp,
excitation filter (435.8 nm DF10; Omega Optical), excitation neutral
density filter (ND.5; Omega Optical), dichroic mirror (455DRLP;
Omega Optical), and 20X objective lens (Plan-Neofluor 20X, NA0.5;
Carl Zeiss). Two emission bandpass filters (480DF30 and 535DF25;
Omega Optical) were switched using a filter changer wheel (C4312;
Hamamatsu Photonics). Resultant image pairs were acquired through a
cooled charge-coupled device camera (C6790; Hamamatsu Photonics) at
a sampling rate of one image-pair per 10 min for detecting circadian
cytosolic Ca?™ oscillations. The electromagnetic shutter (Copal), filter
changer wheel, and image acquisition were controlled using Argus-
HiSCA imaging software (Hamamatsu Photonics).

Statistical analyses. The amplitude and period of circadian cytosolic
Ca?* rhythms were calculated using a four-parameter sine curve fitted
using Sigma-Aldrich Plot ver. 7.0 software (SPSS). A two-tailed Student’s
t test was used for pairwise mean comparisons and ANOVA was used for
multiple mean comparisons.

Results

Effects of Bmall knockdown on CCR in SCN neurons

To quantify the efficiency of Bmall RNAI, a cDNA encoding
wild-type mBmall was cotransfected with a mBmall shRNA or
scrambled-sequence shRNA into NTH 3T3 fibroblasts for West-
ern blotting analyses (Fig. 1a). We observed a reduction in the
protein expression level by more than half with mBmall shRNA
(—59.6% of scrambled RNA control), thereby confirming its ef-
ficiency. To examine the effect of Bmall knockdown on CCR in
SCN neurons, we transfected SCN slice cultures using gene-gun
bullets (gold particles) that were dual-coated with yellow cam-
eleon and mBmall shRNA. At 1 week after transfection, the SCN
slice cultures were fixed at light onset time for immunohisto-
chemical quantification. As a result, all of the prepared cultures
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(n = 28) displayed dense nuclear concentration of BMALI pro-
tein in SCN neurons (Fig. 10). At the optimal plasmid concentra-
tion ratio (400 ng yc2.1 cDNA/20 pg mBmall shRNA per dish),
SCN neurons successfully expressed yellow cameleon fluores-
cence with reduced nuclear BMALL1 expression (Fig. 1c), with
no effects on BMAL1 expression in the surrounding yellow
cameleon-negative cells. Less than half of the yellow cameleon-
positive SCN neurons showed CCR after transfection of mBmall
shRNA (48.9 * 4%, 6 slices), whereas the majority of neurons
displayed CCR after transfection of the scrambled control shRNA
(81.6 = 6%, 6 slices; Fig. 1d). In addition, a positive correlation
was observed between the magnitude of CCR and the intensity of
nuclear BMALI staining in SCN neurons (r = 0.66, p < 0.01) on
day 5 after mBmall shRNA transfection (Fig. 1d). Furthermore,
SCN neurons displaying CCR on day 5 after mBmall shRNA
transfection showed progressively damped oscillations thereafter
until day 10 (Fig. le). During the damped circadian Ca®" oscil-
lations, the period (7) of Ca*" oscillations was significantly pro-
longed (7 = 28.5 £ 1.4 h, n = 10 in 3 slices) compared with the
regular period after scrambled RNA transfection (7 = 23.9 =
0.3h,n=181in 3 slices; p < 0.01 by Student’s ¢ test). These results
indicated that (1) CCR were dependent on nuclear BMALI ex-
pression, and (2) impaired CCR were not rescued by surrounding
SCN circuits.

Generation and characterization of DN-Bmall in

SCN neurons

The basic helix-loop-helix (b HLH) PER-ARNT-SIM (PAS) do-
main of BMALLI binds to a partner clock gene product, CLOCK
(Ikeda and Nomura, 1997). Although preserving the PAS do-
main, a 43 aa deletion at the C-terminus of Bmall reduces Per2
transcription activation and counteracts wild-type Bmall actions
in Ratl fibroblasts (Kiyohara et al., 2006), suggesting that this
Bmall mutant functions as a DN sequence in these cells. In addi-
tion, the region upstream of the bHLH-PAS domain contains
putative nuclear localization signals, deletion of which inhibits
the nuclear localization of BMALI in NIH 3T3 fibroblasts (Kwon
et al., 2006). The nuclear translocation of BMAL1:CLOCK het-
erodimers is a critical step for E-box regulation. Therefore, we
generated a series of C-terminal and N-terminal deletion mu-
tants from mBmall cDNA sequences (mBMF1R to mBMF2R6;
Fig. 2a). NIH 3T3 fibroblasts expressing PerI-luciferase (Per1-luc)
reporters were transfected with these Bmall analogs together
with hClock. We found that a 182 aa deletion at the C-terminus
with preservation of the PAS domain (mBMF1R5 or mBMF2R5)
strongly inhibited PerI-Iuc induction (Fig. 2b). In addition, the
effects of wild-type Bmall overexpression were dose-dependently
inhibited by cotransfection of mBMFIR5 (Fig. 2¢). Therefore, we
used mBMF1R5 as DN-Brmall.

Immunofluorescence staining for the Xpress-tag on the
N-terminus of wild-type exogenous BMAL1 was predominantly
located in the nucleus of NIH 3T3 fibroblasts, and gradually de-
creased over 8 d in culture (—25.1%, F, ;3) = 3.46, p < 0.05; Fig.
3a). However, the Xpress-tag immunostaining for DN-BMALLI
showed nuclear and cytoplasmic localizations with greater levels
of nuclear expression (Fig. 3b), although both were still signifi-
cantly decreased over 8 d in culture (—53.2%, F(, ;) = 20.4, p <
0.01 for nuclear expression; —35.3%, F, ,,, = 21.36, p < 0.01 for
cytoplasmic expression). Therefore, we examined the function of
the C-terminal sequence of Bmall for nuclear translocation in
hypothalamic slice cultures from mice. Similar to the localization
of exogenous BMALL in NIH 3T3 cells (Fig. 3) and HeLa cells
(Kwon et al., 2006), the wild-type form was localized to the nu-
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Figure 1.

Days after transfection

a, The efficacy of the Bmal7 shRNA was analyzed by Western blotting using NIH 3T3 fibroblasts. The cells cotransfected with wild-type mouse BmalT and Bmal1 shRNA (mBmal1 +

shRNA) showed less protein synthesis than those cotransfected with the scrambled shRNA control (mBmal7 + Scramble). b, Representative BMALT immunofluorescence staining of the SCN (red).
3V, Third ventricle. Before fixation, this culture was cotransfected with Bmal7 shRNA and yellow cameleon. The subregion marked by the red square is enlarged in . ¢, Triple-color scanning of yellow
cameleon, BMAL1, and DAPI nuclear staining shows that two neurons successfully expressed yellow cameleon and had reduced BMAL1 expression. All other cells in this field show nuclear BMAL1
expression, but the intensity is variable. d, The intensity of nuclear BMALTimmunoreactivity following Bmal7 shRNA cotransfection (black circles) or scrambled shRNA cotransfection (white circles)
was plotted as a function of the circadian amplitude of CCR. The mean amplitude of CCR monitored by single YC2.1 transfection was regarded as 100%. A positive correlation (r = 0.66) was observed
between the BMALT intensity and the magnitude of CCR. e, Representative CCRin SCN neurons following Bmal7 shRNA cotransfection (4 representative cells are shown as blue, green, red, and black
traces). Of these, three cells (blue, green, and red traces) had several sustained circadian oscillations, but the peak Ca* levels were decreased and the cycle periods were lengthened after Bmal7
shRNA cotransfection compared with control CCR following scrambled shRNA transfection (gray trace).

cleus of astrocytes (Fig. 4a, white asterisk) and SCN neurons (Fig.
4a). Exogenous wild-type BMAL1 degraded faster in SCN neu-
rons than in NTH 3T3 fibroblasts, and the immunostaining sig-
nals were almost undetectable at 8 d after transfection (—60.8%
onday$8, F; ,5) = 18.24, p < 0.01; Fig. 4b). DN-BMALI1 was only
located in the cytoplasm of SCN neurons and did not degrade
over 10 d in culture (F; 35 = 0.56, p > 0.05; Fig. 4c). Therefore,
the distribution and lifetime of BMALI analogs overexpressed in
SCN neurons were similar, but not identical, to those in NIH 3T3
fibroblasts.

Effects of Ca®* channel blockers and Bmall overexpression
on CCR in SCN neurons

Although we previously reported little effect of TTX and ni-
modipine on CCR (Ikeda et al., 2003a), the involvement of
voltage-dependent Ca** channels was further examined using
nimodipine (3 uM) together with w-agatoxin TK (50 nm; P/Q-
type Ca** channel blocker) and w-conotoxin GVIA (100 nm;

N-type Ca*" channel blocker), which were previously reported
to inhibit depolarization-induced Ca** flux in SCN neurons
(Tkeda et al., 2003b). We observed a partial reduction in the peak
amplitude of the oscillating Ca®" levels in a subpopulation of
SCN neurons (Fig. 5a), although the emergence of the inhibitory
actions required 2-3 d after bath application of the blockers.
These results indicate indirect involvement of voltage-gated
Ca’”" channel activity in the generation of CCR.

Overexpression of wild-type Bmall (40 ng DNA/dish) tran-
siently reduced CCR, but the peak amplitude recovered after ~8
d in culture (n = 15 in 3 slices; Fig. 5b). The rhythm period was
significantly shorter during rhythm recovery (p < 0.01 by Stu-
dent’s t test; T = 21.3 £ 0.5 h at 7-9 d after transfection, n = 15 in
3 slices) than during the following steady-state (7 = 24.2 £ 0.4 h
at 10—15 d after transfection). Although the majority of SCN
neurons showed robust CCR under standard conditions (66.3 *
2.4%;93/138 neurons in 12 slices; 7= 23.9 = 0.2 h), overexpres-
sion of DN-Bmall (40 ng DNA/dish) almost completely abol-
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mBMF1R2 ies (Ikeda et al., 2003a; Sugiyama et al.,
mBMF1R1 2004; Hong et al., 2012), however, Enoki
mBMF2R4 et al. (2012) reported a significant reduc-
D tion in the total range of CCR by TTX
mBMF2R6
c T -
> Figure 2.  a, Schematic llustrations of the structure of the
S mouse BmalT mutants generated. The sizes and locations of
'-'3 3 1 the structural amino acids are shown under the mutant
@© names. bHLH, Basic helix-loop-helix domain; PAS, PAR-ARNT-
g SIM domain; PAC, C-terminal motif of PAS likely contributing
0 2 ] to PAS motifs. b, Effects of deletions (nBMF1R5 to mBMF2R6)
3 on Peri-luc reporter expression in NIH 3T3 fibroblasts. Wild-
Q. type human Bmal1 and wild-type human Clock were cotrans-
o) fected as controls. Plus and minus symbols denote the
.; 1 4 presence and absence of gene transfection. Cotransfection of
© human BmalT or wild-type mouse Bmal7 and human Clock
& significantly increased the Per7-luc signals compared with
those in untransfected NIH 3T3 cells (dashed line). Cotransfec-
0- tion of BmalT mutants lacking the C-terminus (mBMF1R5 or
Wild type human Bmal1 I R e mBMF2R5) and human Clock failed to increase the PerT-luc
Wild type human Clock S N T R signals. ¢, PerT-luc induction by wild-type mouse Bmal7 and
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shown as a slope). Data points indicate means == SE. Each trial
was repeated four or more times.
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Intracellular localization of wild-type mouse BMAL1 or DN-BMALT overexpressed in NIH 3T3 fibroblasts visualized by epitope tag immunostaining (anti-Xpress). a, Top, Exogenous

BMAL1 was located in NIH 373 fibroblast nuclei. Bottom, The mean exogenous BMAL1 expression declined over 8 d in culture (blue data points indicate means = SE relative to the intensity of DAPI
nuclear staining; n = 6; gray data points indicate individual measurements;*p << 0.05 by one-way ANOVA). b, DN-BMAL1 was distributed in the nucleus and cytoplasm, and also declined over 8 d

in culture; **p < 0.01 by one-way ANOVA.

treatment. The synaptic influence was further investigated by
Brancaccio et al. (2013) using different approaches. They ob-
served that inhibition of Gg-coupled receptor signaling signifi-
cantly reduced CCR and the uncoupled phase of each cellular
oscillation. Conceptually, these observations are more consistent
with the TTX study by Enoki et al. (2012), because the G-
coupled receptor is involved in particular synaptic signaling via
action potential firing. The studies by Enoki et al. (2012) and
Brancaccio et al. (2013) both used relatively low-affinity Ca*"
sensors. The affinities of YC3.6 for Ca** (K; = 250 nm) and
GCaMP3 (K, = 840 nMm) are apparently lower than that of YC2.1
(primary Ky = 110 nMm). Because GCaMP3 linearly senses Ca*™
flux caused by action potential firings (Tian et al., 2009), detec-
tion of the effect of synaptic influences on CCR (Brancaccio etal.,
2013) may be reasonable when considering the dynamic ranges of
sensors. Therefore, the underlying issue may be the multiple
components of CCR and differential dynamic ranges of Ca*"
sensors used in the experimental setups.

To directly address depolarization-induced Ca** influx in the
generation of CCR, the present study used inhibitor cocktails to
block various voltage-sensitive Ca*>* channels. We observed pro-
gressive and irreversible reductions in CCR. However, these in-
hibitors are capable of blocking voltage-sensitive Ca** channels
quite rapidly in SCN neurons (Ikeda et al., 2003b). Therefore, the
present results suggest that CCR at cell bodies of SCN neurons
within the detection limit of YC2.1 were not driven by Ca** flux
via voltage-sensitive Ca*>* channels. Thus, the present results
support our original implication that synaptic interactions
among cells are not the principal cause of CCR in SCN neurons.

Relation of TTFLs to CCR

After the discovery of CCR in SCN neurons, the issue was raised
regarding the cellular clock as to whether TTFLs are generators of
or generated by CCR (Ikeda, 2003, 2004). TTX treatment revers-
ibly and significantly inhibits Perl-luciferase rhythms in SCN
neurons (Yamaguchi et al., 2003), suggesting a contribution of
synaptic interactions to the production of a particular clock gene
rhythm. Because circadian rhythms in cytosolic messenger cAMP
have also been reported in SCN neurons, the importance of “cy-
toscillators” has been suggested for cellular circadian clockworks
(Hastings et al., 2008). Brancaccio et al. (2013) compared circa-
dian phases of TTFLs and CCR by referring to the acrophase of
Per2-luciferase rhythms. They estimated that the acrophase of
circadian cytosolic Ca®" waves is nearly at the phase of action
potential firing rhythms, which is phase-advanced by 5-6 h rel-
ative to the Per2 transcriptional rhythms. Together with the re-
cent observations of wave propagation of CCR in a similar
fashion to Perl- or Per2-luciferase rhythms, these results lead to
speculation that CCR is a driving force of E-box regulatory gene
transcriptional rhythms in the SCN. This leads to the issue of
which clock gene(s) affect CCR in the SCN.

Despite the generation of a series of clock gene knock-out
mice, evidence explaining the link between TTFLs and physiolog-
ical activity in SCN neurons remains surprisingly limited. The 7
in action potential firing rhythms is longer in cultured SCN neu-
rons of Clock mutant mice, yet these rhythms are stable under
culture conditions (Nakamura et al., 2002). Studies have also
shown that a Per! antisense oligonucleotide reduces glutamate-
induced phase-shifts in action potential firing rhythms of SCN
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a, Intracellular localization of wild-type mouse BMAL1 or DN-BMAL1 overexpressed in SCN neurons visualized by epitope tagimmunostaining (anti-Xpress). Top, Cultured SCN neurons

at4d after cotransfection with yellow cameleon (pNSE-yc) and mouse Bmal T (pCMV-BmalT). YCfluorescence is green in the overlaid panel. BMAL1 was visualized in YC-positive neuronal nuclei using
anti-Xpress immunostaining (red). Strong expression can be seen in two nuclei in the middle (white asterisk), indicating BMALT expression in astrocytes that failed to express YC with the NSE
promoter. Middle, YC signals remained high, whereas BMALT expression was significantly decreased at 8 d after transfection. Bottom, After cotransfection with DN-Bmal1, DN-BMALT was only
expressed in the cytoplasm (visualized by anti-Xpress immunostaining) in SCN neurons throughout the experimental period. b, The mean exogenous BMAL1 expression decreased over 10 d in
culture; **p < 0.01 by one-way ANOVA. ¢, In SCN neurons, DN-BMALT was only distributed in the cytoplasm, and the expression level was stable over 10 d in culture.

neurons (Akiyama et al., 1999; Tischkau et al., 2003). Per2-
deficient mutant mice have reduced mRNA levels of 14-3-3 pro-
tein and synapsin I in the SCN (Holzberg and Albrecht, 2003).
We analyzed the effects of antisense oligonucleotides for Perl and
Per2, but failed to inhibit CCR in SCN neurons (Sugiyama et al.,
2004). Moreover, it was recently shown that Per2-luciferase and
action potential firing rhythms are uncoupled, but sustained, in

the neonatal SCN dissected from CryI1/Cry2 double-knock-out
mice (Ono et al., 2013). This suggests that Cry is involved in
cell-to-cell couplings rather than in the intracellular organization
of clock function. Although relatively small effects of clock gene
deletions on the physiological activity of SCN neurons may
be explained by redundant and compensatory functions of mul-
tiple clock genes (Miller, 2006), there is a lack of apparent data
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showing the involvement of TTFLs in the a
regulation of SCN neuronal activity.

Here, we examined RNAi of Bmall
and overexpression of Bmall with Ca®"
monitoring in SCN neurons in organo-
typic cultures. The cell death caused by
transfection of DN-Bmall indicates that
the general E-box regulatory functions of
BMALLI, such as those via brain-derived
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neurotrophic factor transcription (Chen 1.3 4
etal.,2003), are important for the survival
of SCN neurons under particular culture
conditions. More importantly, temporal 7 b
shortening following overexpression of
wild-type BMALLI and 7 prolongation fol-
lowing BMAL1 knockdown are consistent
with the hypothetical clock mechanism in
which one circadian cycle is determined
by feedback regulation of clock gene tran-
scription by its gene products. Therefore,
our study suggests that the Bmall TTFL
drives CCR, and thus supports the con-
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of cellular physiological rhythms. Further-
more, the present results showed a signifi-
cant reduction in CCR, even though Bmall
expression in neighboring neurons was
intact. Therefore, our results demonstrate
that synaptic interactions with other cells
may not rescue the effects of Bmall
knockdown or overexpression within the
cells. These findings provide firm evi-
dence showing that Bmall is an intracel-
lular regulator for the generation of CCR
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Cytosolic free Ca*" is a ubiquitous signal- Figure5. a,Representative CCRin SCN neurons that received single yc transfection. Oscillations in three representative neurons
ing messenger, with plant cells showing  are shown. On the fifth day of recordings, a mixture of voltage-sensitive Ca>* channel blockers (VSCCX) was bath-applied. Fresh
strong CCR (Johnson et al., 1995). How-  VSCCXwas repeatedly applied at the times of medium exchange (asterisks). The subpopulation of SCN neurons showed gradually
ever, corresponding CCR have not been re-  reduced CCR. b, CCRtemporarily ceased after cotransfection with wild-type mouse Bmal7, recovering with a shorter transition cycle
ported in animal cells, other than in SCN  period (7= 20.1h; blue trace). ¢, No CCR occurred after cotransfection with DN-Bmal 7 in the majority of SCN neurons (blue, green,
neurons. Endocrine oscillators in Drosoph- andrred traces). In these neurons, more than half of the neurons did not survive at 9 —10 d after transfection (X, cell death). Several

ila melanogaster, prothoracic gland cells, fail
to display dynamic circadian rhythms at
baseline Ca*" concentrations (Morioka
et al., 2012). Moreover, we analyzed a SCN progenitor cell line
that stably expresses YC3.6 (SCN2.2YC; Takeuchi et al., 2014),
but failed to observe CCR in these cells. Because SCN2.2YC dis-
plays Perl-luciferase oscillations and expresses voltage-sensitive
Ca** channels, other unveiled component(s) that are present in
mature SCN neurons may be essential for the generation of CCR.

With regard to SCN-specific machinery, intracellular BMALI1
behaves differently in model cells and SCN neurons. BMAL1
truncated by deletion of 122 aa at the C-terminus is located in the
cytoplasm and nucleus of NIH 3T3 cells when coexpressed with
Clock (Kwon et al., 2006), similar to the present results in NIH
3T3 cells. In addition, BMALLI truncated by 178 or 43 aa at the
C-terminus is located in the nucleus when overexpressed in
COS7 cells (Kiyohara et al., 2006). However, in SCN neurons,
DN-BMALLI is only located in the cytoplasm, suggesting differ-
ential intracellular machinery regarding BMALI translocation.

neighboring neurons.

cells maintained intact CCR within the same slice (gray trace), but the amplitude was slightly reduced after cell death in the

Mutation of the casein kinase 2a phosphorylation site of BMAL1
at Ser90 results in impaired nuclear BMALI accumulation and
disruption of clock function in NIH 3T3 fibroblasts (Tamaru et
al., 2009). In our study, Ser90 and other phosphorylation residues
for casein kinase le (Eide et al., 2002) were preserved in DN-
BMALI. Furthermore, BMALLI in NIH 3T3 fibroblasts is thought
to be phosphorylated after translocation to the nucleus (Tamaru
et al., 2009), but this did not occur with DN-BMALI1 in SCN
neurons in our study. Therefore, blocking of phosphorylation
sites may not be the cause of the cytosolic immobilization of
DN-BMALI in SCN neurons. An alternative explanation for the
function of DN-BMALL is impaired interaction with the other
clock component CRY, because the C-terminus contains the el-
ement responsible for the CRY1 interaction (Sato et al., 2006).
This protein-to-protein interaction is hypothesized to facilitate
nuclear translocation (Kwon et al., 2006). Therefore, these lines
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of evidence suggest differential involvement of the C-terminal
motif of Bmall between SCN neurons and fibroblasts, and that
nuclear translocation of BMALLI is more strictly regulated in SCN
neurons.

Finally, the issue of how BMALI generates CCR in an SCN-
specific manner remains to be resolved. Cyclic ADP ribose-
mediated Ca*" release from endoplasmic reticulum stores is the
proposed machinery for CCR in SCN neurons (Ikeda et al.,
2003a). In addition, expression of ryanodine receptors is reduced
in Bmall ™/~ SCN neurons (Pfeffer et al., 2009). Therefore, link-
ing molecules, such as nicotinamide adenine dinucleotide/sir-
tuins (Kondratov et al., 2006; Asher et al., 2008; Belden and
Dunlap, 2008; Nakahata et al., 2008), are of particular interest for
complete understanding of CCR in SCN neurons, although the
specific molecules involved have not yet been identified.
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